Abstract In this paper, using the intensity ratio between two spectral lines arising from the common lower level, we determine the optical depth of the solar atmosphere of CIV emission lines. The optical depth at the line center of the (1/2−3/2) component is calculated to be 0.05 at the center of the solar disc. By introducing a measured abundance of carbon and the results of ionization balance calculations, we estimate the line-of-sight physical thickness of the regions emitting CIV lines as H eff = 27 km, and we estimate the population density of the lower level to be 1.8 × 10 6 cm −3 .
Introduction
In order to explain the discrepancies between the observed and predicted intensities of some solar spectral lines, a number of authors have invoked the opacity effect. Even under "coronal conditions" of low density and thermodynamic equilibrium, it may be important to consider these effects in the analysis of spectral lines in the X-ray regime. In the solar spectrum, owing to high temperature, ions are in the plasma state, and the effect of opacity must be considered in quantitatively interpreting the intensity of the solar spectral lines from the charge ions. Under optically thin conditions, the intensity ratio of two lines is simply the ratio of the relevant spontaneous decay rates, but in optically thick conditions, the ratio may be modified by the escape factor.
The escape factor is an effective tool in dealing with optical absorption and scattering, so it is used widely in the analysis of plasma spectra [1, 2] . The escape factor treatment is also used to deal with the effect of opacity on solar spectral lines for the intensity ratio of two lines arising from the common upper level, and therefore some useful results have been obtained [3, 4] .
However, the lower level population density in the ionization equilibrium affects the calculation results, so the accuracy of this method strongly depends on the accuracy of the lower level population density in the ionization equilibrium. In this paper, we will consider the intensity ratio of two lines arising from the common lower level, where the ratio of the optical depths of the two lines is independent of the population density in the lower level, and consequently the accuracy of this method will be improved.
The CIV(2s 2 S − 2p 2 P) multiplet consists of two lines created by CIV(2s 2 S 1/2 − 2p 2 P 3/2 ) at 154.820 nm and CIV(2s 2 S 1/2 − 2p 2 P 1/2 ) at 155.077 nm, respectively. We can see that the two lines arise from the common lower level, and the effect of opacity on the CIV has been recognized [5] . Finally in this paper, using the estimated solar abundance of carbon and the calculated ionization balance ratio, we will determine the effective thickness and the population density of the lower level for the CIV emitting region in the solar atmosphere. The estimated effective thickness of the CIV emitting region can be used to compare with that deduced from the solar model to testify the accuracy of the model or to revise it.
Data and theory
Quiet sun line intensities near the solar limb for the CIV (2s 2 S − 2p 2 P) multiplet were observed with the Skylab S082-B slit spectrograph. (Henceforth, we will denote the transition 2s 2 S J − 2p 2 P J (J − J) for conciseness). The observed peak intensities for different positions above the limb for each component are listed in Table 1 [ 5] . In the present analysis, the escape factor of a transition basically represents the probability that a photon will escape from plasma without being scattered out of the line-of-sight. The intensity of a spectral line is therefore given by [3] I(i−j) = 1 4π where n j is the upper level population density (cm −3 ), A(i − j) is the transition probability (s −1 ) and g{τ 0 (i − j)} is the escape factor, which is a function of the optical depth at the line center. The intensity ratio of two lines arising from a common lower level i is then
In the discussion of the opacity on the lines arising from the common lower level, the differences between the populations of the upper level can be ignored. Under the condition of local thermodynamic equilibrium (LTE), the Boltzmann distribution can be used to estimate the population of the level. From the Boltzmann distribution, we can find that
where E is the energy, and k B is the Boltzmann constant.
We know that
where h is the Planck constant, and c the speed of light in vacuum. Substituting Eq. (4) into Eq. (3), we have
For the CIV multiplet, substituting λ(i − j) = 154.820 nm, λ(i − k) = 155.077 nm, and T = 10 5 K (the temperature of the maximum CIV abundance in ionization equilibrium), we have n j /n k = 0.998, so we can say that in the discussion of opacity on the CIV multiplet, the differences between the population of the upper level can be ignored.
Under the optically thin condition, from Eq. (2), the intensity ratio is equal to the transition probability ratio, which is equal to the statistic weight ratio g = 2J + 1, so we can easily obtain
which has been proved to be correct in many experiments, such as the one reported in Ref. [6] . In this experiment, the relative intensity of (1/2−3/2) and (1/2−1/2) are 116.9 and 58.4, respectively. However, in the solar spectral lines, the opacity effect has to been taken into account. According to the relative intensities listed in Table 1 , we can plot the intensity ratios of I(1/2 − 3/2)/I(1/2 − 1/2) against position with respect to the solar limb, as shown in Fig. 1 . We can find that the ratio departs significantly from the optically thin value of 2.0. The variation in the line intensity ratio shown in Fig. 1 is interpreted as being due to opacity primarily in the (3/2−1/2) component. Fig.1 The intensity ratio against position with respect to the solar limb
In the optically thick conditions, the transition probability A(i−j) will reduce to a value of A(i−j)g{τ 0 (i− j)}, where g{τ 0 (i − j)} is the escape factor, which is a function of the optical depth at the line center [7] . The intensity ratio of two lines arising from a common lower level i is then simply
Using the approximation of the infinite plane-parallel slab geometry, for the Gaussian profile, we can give the escape factor in the following form [8] g(τ 0 ) = exp(− τ 0 1.73 ) for 0 < τ 0 < 2.5,
Methods
For uniform plasma, the optical depth at the line center is given by [9] τ 0 (i − j) = 1.16 × 10
where T is the temperature (K), M the atomic weight, λ 0 (i − j) the rest wavelength (cm), n(i) the lower level population density (cm −3 ), f (i − j) the absorption oscillator strength, and L the line-of-sight thickness of the plasma (cm). For the components in the CVI multiplet under consideration, all the quantities in Eq. (9) are effectively the same apart from f (i − j), so their relative optical depths τ 0 are proportional to f (i − j).
The absorption oscillator strength f (i − j) can be calculated as: [10] 
where g is the statistic weight. From Eq. (10) and Eq. (6), we can easily calculate the ratio of the optical depth at the line center of components (1/2−3/2) and (1/2−1/2)
By dividing the observed ratio plotted in Fig. 1 with the ratio of the transition probabilities, we can calculate the corresponding values of g{τ 0 (1/2−3/2)}/g{τ 0 (1/2− 1/2)} for various positions with respect to the CIV limb, and furthermore, we can find the τ 0 (1/2 − 3/2) values from Eq. (8) and Eq. (11) . The values we calculated are listed in Table 2 .
Application
If we assume that the CIV emitting region in the solar atmosphere consists of a shell-like structure, it is possible to calculate the ratio of the line-of-sight thickness of the absorbing layer (L) to the radial thickness (H) as a function of distance from the limb (X). The geometrical relationship between them is
where R is the solar radius (961 arcsec) and X is the distance in arcsec measured into the limb. In the present analysis, we have taken the CVI limb as being the position corresponding to +1 arcsec on the visible limb, as this is approximately where the greatest opacity effect occurs, although varying the position by 1 arcsec does not affect the results significantly.
As the opacity of a line should depend linearly on the line-of-sight thickness (L) of the emitting region in our model, we may write
where B is a constant of proportionality. Using the value of τ 0 (1/2 − 3/2), we can obtain B for different positions, as shown in Table 3 , which gives an average of B = 0.05. At the solar disc center, L/H = 1, and from Eq. (12) we have τ 0 (1/2−3/2) = 0.05, and from Eq. (11) we have τ 0 (1/2 − 1/2) = 0.0125. This may be important when these lines are used to account for opacity for diagnostic purposes.
From the optical depth of the (1/2−3/2) component (0.05) and Eq. (9), we can calculate the column density of CIV ions in the 2s 2 S 1/2 state, n(2s 2 S 1/2 )H, for the disc center line-of-sight. Here we take the ion temperature 10 5 K (peak populations of CIV in ionization balance), and take the absorption oscillator strength f (1/2 − 3/2) = 0.054 [11] . We can then obtain a value of n(2s 2 S 1/2 )H = 4.7 × 10 12 cm −2 .
We can define an effective thickness H eff for the CIV emitting region by
where n(2s 2 S 1/2 ) max is the concentration of ions in the 2s 2 S 1/2 state at the temperature of maximum CIV abundance in ionization equilibrium, T = 10 5 K. This may be derived from the relation where n e is the electron density, and a value of n e = 6 × 10 9 cm −3 is chosen since this gives n e T a value of 6 × 10 14 cm −3 · K, consistent with the commonly adopted value for the transition region; the meaning of the other symbols are obvious. The following values can be found in Ref. [12] : n(2s 2 S 1/2 )/n(C) = 0.65, n(C)/n(H) = 5.3 × 10 −4 . Here, n(H)/n e is taken to be 0.87 to account for the electrons arising from the ionization of elements heavier than hydrogen [3, 4] . Substituting all of the above quantities into Eq. (14) and Eq. (15), we can estimate the effective thickness of the CIV emitting region. Through calculation, the effective thickness of the CIV emitting region is estimated to be H eff = 27 km, which is smaller than H eff = 50 km for the effective thickness of the CIII emitting region [3] . For ionization, the CIV ions need more energy than the CIII ions, so the population density of the CIV ion is smaller than that of the CIII ion, and the effective thickness of the CIV emitting region will be smaller than that of the CIII emitting region.
We can also estimate the population density of the 2s 2 S 1/2 state using the above calculation results, n(2s 2 S 1/2 )H = 4.7×10 12 cm −2 and H eff = 27 km. Through calculation, the population density of state 2s 2 S 1/2 is estimated to be n(2s 2 S 1/2 ) = 1.8×10 6 cm −3 , which is an important parameter in discussing the properties of the CIV ion in solar ions.
Conclusion
In this paper, using the intensity ratio between two spectral lines arising from the common lower level, we determine the optical depth of the solar atmosphere to CIV emission and estimate the line-of-sight physical thickness of the CIV emitting regions. The following main conclusions may be drawn.
a. When we consider the intensity ratio of two lines arising from the common lower level, the ratio of the optical depths at the line center is independent of the population density, and the accuracy of this method will thereby be improved.
b. The effective thickness of the CIV emitting region we estimated is H eff = 27 km, which is smaller than H eff = 50 km for the effective thickness of the CIII emitting region [3] . For ionization, the CIV ions need more energy than the CIII ions, so the population density of the CIV ion is smaller than that of the CIII ion, and the effective thickness of the CIV emitting region will be smaller than that of the CIII emitting region.
c. We estimate, for the first time, the lower level population density, i.e., n(2s 2 S 1/2 ) =1.8 × 10 6 cm −3 , which is an important parameter in discussing the properties of the CIV ion in solar ions.
